Inelastic scattering of 129 MeV alpha particles has been used to excite the giant quadrupole resonance in " ' ' Ni. The resonance was found to exhaust 58+12%, 76+14%, 78+14%, and 90+16% of the E2 energy-weighted sum rule, respectively, for ' Ni.
INTRODUCTION
The energy, width, and transition strength of the giant quadrupole resonance (GQR) in Ni have been determined in a number of studies [1 -9] by difFerent groups with a variety of projectiles. However, information on the GQR in the other Ni isotopes is limited. Oakley et al. [10] studied ' ' ' Ni with pions but reported large uncertainties for both excitation energy and width for the GQR and isoscalar transition strength exceeding the sum rule in Ni using a collective model. Gulkarov [2] Youngblood et al. [3] , and Buenerd et al. [4] have studied the GQR in Ni, but Gulkarov, using electron scattering, obtains an excitation energy more than 3 MeV below the other reports. KnopAe et al. [11] discuss decay of the GQR in Ni but do not report the excitation energy, width, or strength. Garg et al. [8] and Gulkarov [2] report parameters for Ni, but the excitation energies differ by more than 2 MeV. Neither reported the strength of the resonance. Therefore, we have explored the giant resonance regions of the Ni isotopes 58, 60, 62, and 64 with inelastic scattering of 129 MeV alpha particles over the angle range 4'-17' to establish the parameters of the GQR in the three heavier nuclei~Ni was measured in the same experimental run in order to provide a systematic measurement over the isotopic series to reduce errors due to calibrations, differing beam energies, etc. This work also permits a comparison of the isoscalar transition strengths to those obtained from the pion work [10] .
Runs with blank target frames were taken to ascertain that contributions from such processes were negligible in regions of interest. Target thicknesses and the angles at which data were taken are shown in Table I . All targets were foils enriched to )98%%uo in the isotope of interest.
Their thicknesses were measured with an Am alpha source using the energy-loss method. The inelastically scattered alpha particles were detected in the focal plane of the Enge split-pole spectrograph with a 40 cm long resistive wire proportional counter backed by an NE102 plastic scintillator. The solid angle defining slits were set at +0. 3' horizontally and +0. 9' vertically. Details of the electronic setup, the data acquisition system, and techniques for estimating the continuum under the peaks are discussed in Ref. [12] . Energy calibrations were obtained from inelastic scattering from a 1 mg/cm carbon foil over the angle range 4'-17'.
The distorted-wave Born approximation (DWBA) calculations used a collective derivative transition potential and are discussed in detail in Refs. [6, 12] . Optical parameters determined from Ni+a elastic scattering [3] at 96 MeV were used for all DWBA calculations. Calculations were averaged over the finite angle opening of the detector. A least-squares peak fitting program using linearization techniques to fit multiple peaks in multiple spectra simultaneously was used to fit the data in the giant resonance region. This program runs on 80386-80486 class computers using Microsoft Fortran and a Grafmatic graphics package from Microcompatibles, Inc. The pro-EXPERIMENTAL PROCEDURE Inelastically scattered spectra were measured for 129 MeV alpha particles obtained from the Texas AA, M University variable energy cyclotron. The experimental setup and beam preparation methods were similar to those described in detail in Ref. [12] and are only summarized below. Considerable care was taken to minimize spurious contributions from the beam as well as slit scattering. gram has been modified from an earlier version [12] for better convergence, convenient interactive input, and output compatibility with standard personal computer spreadsheets for manipulation, evaluation, and display of results.
EXPERIMENTAL RESULTS
Sample spectra obtained for each of the nuclei are shown in Fig. 1 . Also illustrated is the estimated continuum under the giant resonance peak. As can be seen, the GQR in the Ni isotopes has fine structure on the low excitation energy side, and two sets of fits were carried out. One set fit the entire peak including fine structure for each isotope using several narrow peaks in addition to the broad giant resonance (e.g. , three narrow and one broad in Ni), while in the second set the fit region was chosen to begin at an excitation energy above the fine structure. The parameters obtained for the GQR with each technique were very similar, and the fits to the peaks in the lower region were not definitive.
For Ni and Ni, the widths and positions obtained for the GQR at each of the angles were very similar, and quite good fits were obtained by requiring the same energy and width in each spectrum. For Ni and Ni, however, the peak position and width were clearly different at Table II [10] [3] . bReference [14] . 'Reference [16] . dAverage values from Ref. [15] . some angles, as if additional components with different L's were present. The discrete peaks observed in ' Ni (up to about E"=9MeV) are in agreetnent in position for all the spectra, suggesting that the apparent position variations in the giant resonance peak are not instrumental. Consequently, for ' Ni, each spectrum was fit separately and the widths and positions averaged. The energies and widths obtained from the fits to the region above the fine structure are given in Table II . The errors quoted for
Ni are those uncertainties in the fitting process (diagonal element of error matrix), whereas those for ' Ni are the standard deviations calculated from the values obtained for each spectrum separately. Systematic errors are not included in Table II . A Gaussian peak calculated from the parameters in Table II for one spectrum for each nucleus is shown in Fig. 1 .
The angular distribution obtained for Ni along with the L =2, 3, and 4 calculations are shown in Fig. 2 . Angular distributions obtained for the other nuclei are shown in Fig. 3 along with L =2 DWBA calculations. The L =2 calculations fit the data well for all nuclei, suggesting that most of the strength is quadrupole. The drop in the cross section for each of the nuclei at 8' is consistent only with the L =2 calculation. While a monopole resonance would also exhibit this drop in cross section at 8', over the angle range covered in this work, a monopole resonance of the strength observed [7, 9] in sNi would contribute less than 5% of the cross section in the region fitted. Also shown for Ni are the cross sections for the GQR measured in an earlier experiment [9] , where the monopole resonance at 17.0 MeV was subtracted. These are in excellent agreement with the present data. [3] and with He scattering [4] . For Ni, the excitation energy obtained in this work is in agreement with that from ' N scattering [8] , but the width obtained here is considerably greater. The strengths obtained from the isoscalar analysis of the pion work [10] are systematically much larger than other values.
Loveman and Peterson [13] noted that the width and centroid of the giant quadrupole resonance vary in a simple way with the neutron binding energy: E -S"=C I where S" is the neutron separation energy and Co is an empirical constant. The values of Co obtained from our data are shown in Table II . For ' Ni the values are consistent with 1.0; however, for ' Ni they are somewhat lower. The difference in Co values for Ni and Ni is much less than found in the ' N scattering [8] .
In Ni and Ni the first excited state and a strong collective 3 state around E =4 MeV were analyzed also. For Ni and Ni, the first excited state was at least partially blocked from the detector by a plate which prevented elastic scattering from entering the detector, and only the strong 3 state could be extracted. The overall energy resolution was approximately 120 keV, so the 3 state was not completly separated from nearby states. The angular distributions obtained for these states are shown with DWBA calculations superimposed in Figs. 4 and 5 . The excitation energies and PR values extracted are shown in Table IV . The strengths and energies obtained are generally in good agreement with other results.
